All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Atlantic bluefin tuna (*Thunnus thynnus*) (BFT) has the largest geographical distribution of any large pelagic fish living in temperate Atlantic waters \[[@pone.0133406.ref001]--[@pone.0133406.ref002]\]. This species reproduces in two geographically separate spawning regions: the Gulf of Mexico (GOM) and in the Mediterranean Sea (MED). Tagging studies have shown that BFT have spawning site fidelity to either the MED or the GOM (\[[@pone.0133406.ref003]--[@pone.0133406.ref004]\], supporting a hypothesis of homing behavior to spawning grounds \[[@pone.0133406.ref005]--[@pone.0133406.ref006]\]. This spawning segregation led fisheries assessment managers to distinguish between a western and eastern BFT stock \[[@pone.0133406.ref003]\], \[[@pone.0133406.ref006]\]. While spawning in the GOM takes place from April to June, spawning in the MED occurs from June to August \[[@pone.0133406.ref006]--[@pone.0133406.ref009]\].

Spawning grounds in the GOM and the MED show particular bio-physical and climatic characteristics \[[@pone.0133406.ref009]--[@pone.0133406.ref013]\]. The main oceanographic driving force in the GOM is the Loop Current, which flows from the Yucatan Straits into the eastern GOM, originating a strong anticyclonic flow. Meanders and frontal eddies associated with the Loop Current create areas of positive and negative vorticity that generate retention and enhanced production areas \[[@pone.0133406.ref014]\], influencing BFT spawning \[[@pone.0133406.ref015]--[@pone.0133406.ref016]\]. The western GOM is indirectly influenced by the Loop Current through mesoscale anticyclonic and cyclonic eddies, which detach and are driven westward from the Loop Current \[[@pone.0133406.ref017]\]. Cyclonic eddies may have enhanced primary and secondary production compared to surrounding oligotrophic waters \[[@pone.0133406.ref018]--[@pone.0133406.ref022]\]. The GOM can thus essentially be divided into two regions on the basis of oceanographic features: eastern (E-GOM) and western (W-GOM). Adult BFT in the GOM are found preferentially in the shelf break region of the western GOM, in areas with surface temperatures ranging from 24--27°C and relatively low chlorophyll (\<0.16 mg m^-3^)\[[@pone.0133406.ref009]\]. Similarly, BFT larval abundance is higher in the western part of the GOM \[[@pone.0133406.ref023]\], \[[@pone.0133406.ref010]\].

The Balearic Sea is amongst the most important BFT spawning areas in the MED. The spawning grounds are strongly linked to the hydrographic features that characterize the Balearic Sea \[[@pone.0133406.ref011]\], \[[@pone.0133406.ref012]\], \[[@pone.0133406.ref024]\]. The area is under the influence of incoming Atlantic surface waters encountering resident surface water masses, which results in a complex hydrography characterized by frontal structures and associated mesoscales features, such as anticyclonic and cyclonic gyres \[[@pone.0133406.ref025]--[@pone.0133406.ref027]\]. BFT spawning in the area appears to be associated with a surface temperature range of \~ 21.5--26.5°C \[[@pone.0133406.ref012]\], \[[@pone.0133406.ref028]\].

When comparing the GOM and Balearic Sea spawning habitats, some common features stand out. Both are characterized by warm temperature regimes (21.5--28°C) in open sea regions, where chlorophyll production is low and where a series of mesoscale hydrographic features, such as frontal systems and eddy formation, occur. These mesoscale structures may provide conditions matching the "ocean triad" hypothesis (enrichment, concentration, retention) \[[@pone.0133406.ref014]\], \[[@pone.0133406.ref029]\] and facilitate the concentration of both, food particles and BFT larvae \[[@pone.0133406.ref011]\]. Thus, higher BFT larval abundances appear to be linked to anticyclonic gyres or eddies in the Balearic Sea, south of the island of Menorca \[[@pone.0133406.ref028]\] and to the boundaries of anticyclonic eddies in the GOM \[[@pone.0133406.ref030]\].

Although several previous studies have described the distributions and environmental associations of BFT larvae, very little is known regarding their ecology, and the primary processes influencing larval survival in oligotrophic spawning grounds. Previous trophic studies on larvae of apex predators, including BFT and other scombrids, have mainly relied on stomach content analysis, which only records the recently ingested prey \[[@pone.0133406.ref031]\]. The only study on stomach content analysis of BFT larvae from the MED showed that the main prey items were cladocerans and nauplii \[[@pone.0133406.ref032]\]. Moreover, unlike other tuna species from this area, such as *T*. *alalunga* and *Auxis thazard*, BFT larvae did not show a piscivorous diet. Other tuna larvae, such as *Auxis* spp., showed a preference for appendicularians \[[@pone.0133406.ref033]--[@pone.0133406.ref034]\]. These organisms, which constitute an essential part of the diet for tuna larvae in the Pacific Ocean, form part of the trophic link to the microbial loop \[[@pone.0133406.ref035]\].

This study aimed at gaining the first known insight into the trophodynamics of early life stages of BFT through a comparative spawning ecosystem approach using stable isotope analysis (SIA). The comparative trophic ecology of GOM and MED BFT larvae was assessed using SIA of larvae in relation to baseline feeding levels defined by the micro and the mesozooplankton size fractions. Currently, few studies have attempted to use these natural dietary tracers to examine the early life feeding ecology of pelagic fishes in marine ecosystems \[[@pone.0133406.ref036]--[@pone.0133406.ref039]\].

Trophic flow is analyzed using the heavy isotope of nitrogen, ^15^N. This tracer is enriched through successive trophic levels, thereby providing information on the trophic position of organisms (\[[@pone.0133406.ref040]--[@pone.0133406.ref042]\]. In addition, SIA can trace sources of nitrogen and N^2^ inputs, because atmospheric nitrogen is relatively depleted in heavy (^15^N) isotopes compared with marine nitrate \[[@pone.0133406.ref043]\]. Assimilation of this light N~2~ by diazotrophs produces organic matter with a characteristic isotopic signature that can be traced throughout the food web. Nitrogen isotopes in seston reflect the uptake of atmospheric N~2~ by cyanobacteria (e.g. \[[@pone.0133406.ref044]\]), while those in zooplankton show the assimilation of organic matter initially produced by diazotrophs \[[@pone.0133406.ref045]\].

On the other hand, the heavy isotope of carbon (^13^C) can be used for determining the energy sources of dietary carbon, since it varies significantly among primary producers which have different photosynthetic pathways. In contrast to ^15^N, it does not vary substantially with trophic transfers \[[@pone.0133406.ref041]\], \[[@pone.0133406.ref042]\], \[[@pone.0133406.ref046]\]. The SIA approach using ^15^N and ^13^C thus provides a more integrated view of trophic dynamics than stomach content analysis \[[@pone.0133406.ref047]\], as it analyzes species trophic interactions with assimilated food rather than ingested food \[[@pone.0133406.ref048]--[@pone.0133406.ref049]\].

This SIA study examines the early life trophodynamics of BFT by comparingδ^13^C and δ^15^N tracers as indicators of the trophic relationships between BFT larvae originating from different spawning grounds (GOM and MED). The possible dietary shifts during larval development and the differences observed in the nitrogen cycle of each BFT spawning region are discussed.

Material and Methods {#sec002}
====================

Field collection of BFT larvae and planktonic sampling {#sec003}
------------------------------------------------------

BFT larvae were collected in the two main reproductive areas for this species: the GOM and MED ([Fig 1A](#pone.0133406.g001){ref-type="fig"}). A total of 208 stations were sampled onboard NOAA's R/V *Gordon Gunter*, of which 127 were completed in the GOM, during spring 2012, from April 24 to May 28, as part of an annual larval survey carried out by the National Marine Fisheries Service Southeast Area Monitoring and Assessment Program (SEAMAP) ([Fig 1B](#pone.0133406.g001){ref-type="fig"}). The MED BFT larvae were sampled from 124 systematic stations during summer 2013 (June19 to July 13) in the Balearic Sea, Western Mediterranean; ([Fig 1C](#pone.0133406.g001){ref-type="fig"}) onboard the R/V *SOCIB*. (See [S1 Table](#pone.0133406.s001){ref-type="supplementary-material"} for station's geographical coordinates) Fish larvae were sampled using similar methodologies in both study areas. That is standard double oblique subsurface hauls using a 505μm mesh net attached to a standard 1 x 2 meter neuston frame in the GOM and a squared-mouth Bongo frame of 0.9 meter in the MED, fitted also with 505μm mesh size net. The nets were towed in an undulating manner through the upper 10--20 m of the water column for ten minutes per tow \[[@pone.0133406.ref039]\], \[[@pone.0133406.ref050]\]. General Oceanics 2030 flowmeters were placed at the center of the net's mouth to calculate the water volume filtered. The research presented in this manuscript involved no endangered or protected species. No special permission was required for field sampling in the locations of the off shore study areas. Fish larvae included in the plankton samples are dead upon retrieval of the net No specific approval for this vertebrate scientific activity is required since ichthyoplankton sampling involved collecting deceased fish larvae.

![Location of the study areas.\
(A) Gulf of Mexico (GOM) and Balearic Sea (MED). (B) Eastern (E-GOM) and Western (W-GOM) and (C) MED bluefin tuna study area showing the oceanographic-planktonic stations sampling distribution. Bathymetric image generated from ETOPO1 database \[[@pone.0133406.ref051]\].](pone.0133406.g001){#pone.0133406.g001}

Larvae were sorted from the plankton samples immediately after retrieval of the net and preserved frozen at -200°C onboard. A total of 119 BFT larvae were sorted onboard from the E-GOM, 109 from the W-GOM and 853 from the MED. In order to avoid maternally transmitted isotopes effects on preflexion BFT larvae \[[@pone.0133406.ref052]\], preflexion stages were excluded from the comparative trophic ecology analysis and only a similar size range of 6--10mm postflexion BFT larvae have been used in this study ([Fig 2](#pone.0133406.g002){ref-type="fig"}). From all sorted larvae, 49 from the E-GOM, 31 from W-GOM and 30 from the MED were respectively selected for stable isotope analysis as described in \[[@pone.0133406.ref039]\].

![Bluefin tuna larval size frequency distributions.\
Eastern Gulf of Mexico (E-GOM), Western Gulf of Mexico (W-GOM) and Balearic Sea (MED) bluefin tuna larval size frequency distributions analyzed for trophic ecology studies.](pone.0133406.g002){#pone.0133406.g002}

A 20 cm diameter Bongo net was geared above the neuston net to sample different zooplankton fractions by employing 55 and 200 μm mesh nets, each one equipped with General Oceanics flowmeters. Mesozooplankton (\>200 μm) samples were divided into two aliquots using a Folsom plankton sample splitter. One sub-sample was preserved in 90% ethanol, and the other frozen for SIA. Samples from the 55 μm mesh nets were sieved on board to separate the microzooplankton (55 to 200 μm) fraction. These samples were also stored frozen at -20°C. Both microzooplankton and mesozooplankton samples were weighed to the nearest 1 μg on an electronic microbalance after freeze drying for 48 h at −20°C for biomass estimations. Dry weight biomass values were standardised to mg m^-3^.

Hydrographic data were collected at each sampling station using a Seabird 19+ CTD profiler cast to a minimum depth of 200 m for the GOM, or within 10m of the seabed at shallower stations,and 350 m or at least 5 m above the seabed for the MED.

Isotopic analyses and trophic level calculation {#sec004}
-----------------------------------------------

In the laboratory, larvae were thawed to ambient temperature, measured to standard length (SL), dehydrated in a freeze dryer for 24 h and dry weighed (DW) on a precision microbalance (0.01mg) for subsequent SIA. Dry weighed larvae (0.08--1.9 mg) were packed in tin vials (0.03 ml) before analysis. Natural abundance of N (δ^15^N, %N) and C (δ^13^C, %C) were measured using an isotope-ratio spectrometer (Thermo-Finnigan Deltaplus; [www.thermoscientific.com](http://www.thermoscientific.com/)) coupled to an elemental analyser (FlashEA1112 Thermo- Finnigan) at the Instrumental Unit of Analysis of the University of A Coruña. Ratios of ^15^N:^14^N and ^12^C:^13^C were expressed in conventional delta notation (δ), relative to the international standard \[atmospheric air (N~2~) and Pee-Dee Belemnite (PDB), respectively, using acetanilide as standard\]. The accuracy of the measurements for δ^15^N and δ^13^C were 0.17 and 0.15‰, respectively.

Lipid correction was not possible due to the low amount of sample available, which hampered a previous chemical extraction. Nevertheless, a posterior correction of the δ^13^C values for lipid content was performed for the different plankton size fractions. The equations proposed by \[[@pone.0133406.ref053]\] for marine invertebrates were applied to select the best model predicting the lipid correction. The average of the three equations of the model were applied to estimate a value of 1.59‰ (SD = 0.41) and 0.82‰ (SD = 0.26) for micro- and meso-zooplankton, respectively. These values were used for the δ^13^C lipid correction in both zooplankton size fractions. The lipid correction for BFT larvae took into account the parameters of Atlantic BFT muscle reported by \[[@pone.0133406.ref053]\]. The mean value for lipid correction was 2.45 ‰ (SD = 0.44) for the GOM BFT larvae and 1.38 (SD = 0.38) for MED BFT larvae.

Trophic position (TP) for each BFT larvae was calculated following Eq ([1](#pone.0133406.e001){ref-type="disp-formula"}): $$TP = TP_{basal} + \frac{\delta^{15}N_{larva} - \delta^{15}N_{micro}}{\Delta^{15}N}$$ δ^15^N~larva~ were the isotopic signatures for individual BFT larvae and δ^15^N~micro~ were the isotopic values of microzooplankton of the larvae related station. We applied a basal trophic position (TP~basal~) of 2, assuming microzooplankton as primary consumers \[[@pone.0133406.ref049]\], \[[@pone.0133406.ref054]\]. The values of the mean nitrogen isotopic discrimination factor for (Δ^15^N) proposed by \[[@pone.0133406.ref055]\] for BFT juveniles were used (1.64 ‰).

Statistical analysis {#sec005}
--------------------

As the common size ranges of larval cohorts, ranging from 6 to 10 mm, showed significant statistical differences for SL and DW relationships, the analysis of covariance (ANCOVA) tests with SL as covariate were used. ANCOVA tests were applied to verify differences among regions for somatic variables (SL, DW), larval stable isotopes (δ^15^N, δ^13^C), N and C content (%N, %C and C:N) and trophic position. Logarithmic and arcsine transformations of the data were carried out when necessary to fulfil the conditions of ANOVA. The differences between groups for δ^15^N were analyzed using a 2-way crossed ANOVA with plankton size fractions (micro- and mesozooplankton and larvae) and regions (E-GOM, W-GOM and MED) as main factors. Post-hoc comparisons were made using a Fisher's test. All statistical tests were performed using Statistica7.1 (Statsoft).

Results {#sec006}
=======

GOM and MED BFT spawning habitat conditions {#sec007}
-------------------------------------------

The hydrographic conditions of each BFT spawning grounds analyzed in this study showed differences in temperatures and salinities ([Table 1](#pone.0133406.t001){ref-type="table"}). The average surface temperatures in the E-GOM and W-GOM were significantly higher than in the MED (over 2--3°C). Inversely, sea surface salinity was higher in the MED. Within the GOM, the W-GOM was warmer than the E-GOM. Temperature at 100m was also much warmer in the GOM than in the MED, where at 100m depth the water temperature was around 13°C, which are those found throughout the water column during the non stratified winter period, since the thermocline during the stratified water column period, which lasts from the end of the spring to early autumn only reach around 50 m depth. The Balearic Sea scenario was characterized by the presence of a density front resulting from the encounter of water masses with distinct salinity, the saltier resident Atlantic water and the fresher Atlantic water, flowing directly from the Atlantic Ocean.

10.1371/journal.pone.0133406.t001

###### Basic hydrographic data of the study area.

![](pone.0133406.t001){#pone.0133406.t001g}

  ------- ---------------- ------------ ------- -------------- ------- -------
          5 m depth                                                    
          Temperature °C   Salinity ‰                                  
          Mean±StdDv       Max.         Min.    Mean±StdDv     Max.    Min.
  E-GOM   25.51 ± 0.55     26.13        24.63   36.07 ± 0.23   36.34   35.64
  W-GOM   26.65 ± 0.59     27.25        25.95   36.34 ± 0.32   36.63   36.03
  MED     22.98 ± 0.68     23.97        21.76   37.72 ± 0.16   38.12   37.51
          100 m depth                                                  
          Temperature °C   Salinity ‰                                  
          Mean±StdDv       Max.         Min.    Mean±StdDv     Max.    Min.
  E-GOM   19.99 ± 0.74     20.95        19.16   36.43 ± 0.15   36.58   36.18
  W-GOM   20.90 ± 0.39     21.31        20.43   36.50 ± 0.03   36.52   36.45
  MED     13.40 ± 0.15     13.64        13.14   38.24 ± 0.09   38.39   38.09
  ------- ---------------- ------------ ------- -------------- ------- -------

Temperature (°C) and salinity (‰)of the selected stations from the Eastern Gulf of Mexico (E-GOM) Western Gulf of Mexico (W-GOM) and Balearic Sea (MED) sampling regions.

Both, micro- and mesozooplankton biomass were higher in the GOM than in the MED ([Fig 3](#pone.0133406.g003){ref-type="fig"}). The greatest differences were found in the mesozooplankton fraction (ANOVA p\< 0.001), where the mean mesozooplankton biomass in the GOM was up to 10 times greater than that recorded in the MED.

![Biomass of zooplankton size fractions.\
One-way ANOVA analyses of both (A) microzooplankton \[MICRO,55−200 μm\]- and (B) mesozooplankton \[MESO, \>200 μm\] size fraction biomass (mg·m^-3^) in Eastern Gulf of Mexico (E-GOM) (●), Western Gulf of Mexico (W-GOM) (●) and Balearic Sea (MED) (○) regions. Post-hoc comparisons were made using a Tukey's test. Different letters indicate a significant difference between ecosystems. Box represents std error and whisker Std dev respectively.](pone.0133406.g003){#pone.0133406.g003}

The W-GOM microzooplankton fraction showed the lowest δ^15^N signatures among regions (ANOVA, p\<0.001)([Fig 4A](#pone.0133406.g004){ref-type="fig"}) whereas the lowest micro δ^13^C values were recorded in the E-GOM region. (ANOVA, p\<0.001) ([Fig 4B](#pone.0133406.g004){ref-type="fig"}). In contrast, while δ^15^N signatures did not show significant differences in the mesozooplankton fraction among the spawning regions (ANOVA, p\>0.05), δ^13^C showed lowest δ^13^C signatures in the MED mesozooplankton fraction, followed by the E- and W-GOM regions, respectively (ANOVA, p\<0.001) ([Fig 4A and 4B](#pone.0133406.g004){ref-type="fig"}).

![Mean nitrogen and carbon isotopic signature in MICRO, MESO and BFTL.\
δ^15^N (A) and δ^13^C (B) isotopic signature (Mean±SE) for different planktonic compartments analyzed (microzooplankton \[MICRO,55−200 μm\], mesozooplankton \[MESO, \>200 μm\] and bluefin tuna larvae \[BFTL\]) in Eastern Gulf of Mexico (E-GOM) (●), Western Gulf of Mexico (W-GOM) (●) and Balearic Sea (MED) (○) regions. Regions (E-GOM, W-GOM and MED) and plankton size fraction (MICRO, MESO and BFTL) were the main factors for the 2-way ANOVA analysis. Post-hoc comparisons were made using a Tukey's test. Different letters indicate significant differences (*p*\< 0.05) among plankton size fractions within same region. \* denotes a significant difference (*p*\< 0.05) between regions for the same plankton size fraction.](pone.0133406.g004){#pone.0133406.g004}

Isotopic signatures from plankton to BFT larvae {#sec008}
-----------------------------------------------

The isotopic signatures of δ^15^N in the microzooplankton (55−200μm) and mesozooplankton fractions (\>200μm) showed no statistical differences between the three regions considered; the E-GOM, the W-GOM and the MED ([Fig 4A](#pone.0133406.g004){ref-type="fig"}). However, the δ^15^N signatures in BFT larvae from the three areas showed important differences between them (two-way ANOVA, F4, 178 = 11.1; p \<0.001). The MED BFT larvae showed the greatest trophic enrichment of δ^15^N in comparison to micro and mesozooplankton, while both the E- and W-GOM BFT larvae showed similar δ^15^N signatures to that of the zooplankton size fractions.

The δ^13^C signature of the microzooplanktonin the E-GOM was significantly lower than in the W-GOM and MED ([Fig 4B](#pone.0133406.g004){ref-type="fig"}), whereas for the mesozooplankton size fraction, the MED showed significantly lower δ^13^C signatures than the E- and W-GOM. Similarly, the MED BFT larvae had significantly lower δ^13^C ratios than the GOM BFT larvae.

BFT larval morphometrics and C:N ratio {#sec009}
--------------------------------------

The BFT larvae used for this study represented a selected fraction of the larvae collected at positive BFT stations of both MED and GOM surveys. The larval samples originated from 24, 8 and 4 positive stations for the MED, E-GOM and W-GOM, respectively.

While no differences were observed between the E-GOM and the W-GOM BFT larval SL vs DW relationship, larvae from the MED and both GOM regions showed significant differences ([Fig 5](#pone.0133406.g005){ref-type="fig"}). The MED BFT larvae had a higher DW by SL (ANCOVA, F~2,\ 116~ = 125.5; *p*\< 0.001) than either E-GOM or W-GOM larvae (ANCOVA, F~2,\ 116~ = 130.9; *p*\< 0.001).

![Dry weight-standard length BFTL relationships.\
Bluefin tuna larval dry weight (DW) *vs*. standard length (SL) relationships for Eastern Gulf of Mexico (E-GOM) (●), Western Gulf of Mexico (W-GOM) (●) and Balearic Sea (MED) (○) regions larval cohorts.](pone.0133406.g005){#pone.0133406.g005}

Higher C:N ratios were observed in GOM BFT larvae in comparison to the MED larvae (ANOVA, F~2,\ 115~ = 182.6; *p*\< 0.001), while no statistical differences were observed between the E-GOM and W-GOM BFT larvae. Consequently, the δ^13^C lipid correction model showed significant differences between the GOM and MED BFT larvae (ANOVA F~2,\ 62~ = 58.8, *p*\< 0.001)

BFT larvae trophic relationship {#sec010}
-------------------------------

The δ^15^N vs δ^13^C relationships of BFT larvae from the three studied spawning grounds showed clearly segregated δ^15^N signatures ([Fig 6](#pone.0133406.g006){ref-type="fig"}). On the other hand, the δ^13^C values were more similar among regions, with the W-GOM slightly more enriched than the E-GOM.

![Nitrogen and carbon stable isotope scatterplot in bluefin tuna larvae.\
Relationship between δ^13^C and δ^15^N (‰) in bluefin tuna larvae in Eastern Gulf of Mexico (E-GOM) (●), Western Gulf of Mexico (W-GOM) (●) and Balearic Sea (MED) (○) regions. The ellipses represent the prediction interval with 0.95 coefficient.](pone.0133406.g006){#pone.0133406.g006}

No significant trends in δ^15^N larval signatures were observed in association withSL ([Fig 7A](#pone.0133406.g007){ref-type="fig"}). The highest δ^15^N values corresponded to the BFT larvae from the MED, followed by the E-GOM and W-GOM larvae. The signatures of δ^13^C of MED BFT were significantly lower than the GOM BFT larvae. However, the δ^13^C values of the MED BFT larvae showed a significant linear increase with SL (r = 0.49; p \< 0.05; δ^13^C = -20.523 + 0.156·SL), while alternatively, these showed significant linear decrease in the E- and W-GOM BFT larvae (r = -0.44; p \< 0.05; δ^13^C = -17.161--0.234·SL and r = -0.40; p \< 0.05; δ^13^C = -17.766--0.129·SL, respectively) ([Fig 7B](#pone.0133406.g007){ref-type="fig"}).

![Nitrogen and carbon stable isotopes *vs* bluefin tuna larvae size relationship.\
Different δ^15^N (A) and δ^13^C (B) isotopic signature *vs* standard length (SL) relationships of bluefin tuna larvae in Eastern Gulf of Mexico (E-GOM) (●), Western Gulf of Mexico (W-GOM) (●) and Balearic Sea (MED) (○) regions.](pone.0133406.g007){#pone.0133406.g007}

The estimated Trophic Position (TP) of BFT larvae was significantly higher in the MED (3.00 ± 0.06) than in both the E-GOM (2.31 ± 0.06) and W-GOM (2.20 ± 0.07) (ANCOVA, F2, 112 = 39.8; p \<0.001).

The relationship between δ^15^N and δ^13^C in the mesozooplankton and BFT larvae together with the baselines levels are shown in [Fig 8](#pone.0133406.g008){ref-type="fig"}. In the MED region, BFT larvae showed the highest δ^15^N mean, located above the mesozooplankton fraction values and above the microzooplankton fraction signature in that order. In contrast, in the GOM region, the mean δ^15^N of BFT larvae from the E-GOM are in the same level as the mesozooplancton fraction values, while the mean δ^15^N of BFT larvae from the W-GOM are within the microzooplankton level. Maximum mean values of δ^13^C were found in the lower levels of the size-fractionated groups in the MED, whereas the lowest δ^13^C values belonged to the MED mesozooplankton biomass fraction ([Fig 8](#pone.0133406.g008){ref-type="fig"}).

![Biplot of mean nitrogen and carbon stable isotopes in bluefin tuna larvae.\
Mean (±SE) δ^13^C versus δ^15^N (‰) values mesozooplankton (MESO-triangles) and bluefin tuna larvae (BFTL-circles) in Eastern Gulf of Mexico (E-GOM) (●), Western Gulf of Mexico (W-GOM) (●) and Balearic Sea (MED) (○) regions. Microzooplankton as primary consumers has been used as baseline. The ellipses represent the isotopic variance for each region, encircling the isotopic signature for the different plankton size fractions (MICRO, MESO and BFTL).](pone.0133406.g008){#pone.0133406.g008}

Discussion {#sec011}
==========

BFT Spawning scenarios {#sec012}
----------------------

Though much progress has been made in the past several years in the knowledge of BFT tuna populations, studies have mainly been focused on defining stock identity and structure through genetics, tagging studies\[[@pone.0133406.ref056]\], \[[@pone.0133406.ref057]\] and stable isotope markers in otoliths (δ^13^C, δ^18^O) \[[@pone.0133406.ref058]\]. However, in regard to the early life history of BFT, knowledge has only increased on BFT spawning habitat preferences and on climatic effects on larval growth and condition \[[@pone.0133406.ref059]\], \[[@pone.0133406.ref010]\], \[[@pone.0133406.ref011]\], \[[@pone.0133406.ref060]\], \[[@pone.0133406.ref013]\].

The GOM and the MED spawning regions have kinetic energy being supplied by mesoscale structures that cause eddy and frontal formations \[[@pone.0133406.ref028]\], \[[@pone.0133406.ref009]\], \[[@pone.0133406.ref010]\], \[[@pone.0133406.ref060]\], \[[@pone.0133406.ref014]\]. Both regions are also characterized by markedly oligotrophic waters, although surface chlorophyll and overall productivity is higher in the offshore GOM compared to the MED \[[@pone.0133406.ref028]\], \[[@pone.0133406.ref012]\], \[[@pone.0133406.ref060]\]. This strategy of spawning in nutrient-poor waters could be developed to overcome predation pressure on larvae\[[@pone.0133406.ref061]\], \[[@pone.0133406.ref062]\], \[[@pone.0133406.ref014]\]. Secondary productivity also appeared to be higher in the GOM than in the MED, with higher mesozooplankton biomass. However, no significant differences were observed in the microzooplankton biomass.

Stable isotope values reported in this study for micro- and meso-zooplankton are in the same ranges as those previously reported for both, the GOM and MED regions \[[@pone.0133406.ref036]\], \[[@pone.0133406.ref063]\], \[[@pone.0133406.ref064]\], \[[@pone.0133406.ref065]\], \[[@pone.0133406.ref039]\], \[[@pone.0133406.ref066]\]. However, despite having similar microzooplankton biomasses, δ^15^N microzooplankton signatures from the W-GOM were significantly lower than in the E-GOM and MED regions. These rather depleted δ^15^N values could be the outcome of diazotrophic N~2~ fixation from atmospheric sources. Cyanobacteria such as *Trichodesmium* spp fix atmospheric nitrogen (N~2~) at high rates and thereby contribute to new production in nutrient depleted waters \[[@pone.0133406.ref067]\]. *Trichodesmium* is abundant in oceanic stratified warm waters of subtropical regions \[[@pone.0133406.ref068]\], \[[@pone.0133406.ref069]\]. This genus is commonly observed, although with highly variable abundances, in the Gulf of Mexico \[[@pone.0133406.ref070]\], \[[@pone.0133406.ref071]\], \[[@pone.0133406.ref072]\].

Nitrogen limitation and the remineralisation of organic matter in microbial food webs may be responsible for the lower δ^15^N enrichment of the plankton size-classes. Rapid consumption of substrates would prevent the discrimination of light versus heavy nitrogen isotopes and the composition of prey and predator would converge \[[@pone.0133406.ref044]\]. \[[@pone.0133406.ref073]\] Conclude that N^2^ fixation by *Trichodesmium* is quantitatively significant in the eastern GOM, whereas in the western GOM over Campeche Canyon, high *Trichodesmium spp*. occurrence appears related to geostrophic front associated to cyclonic and anticyclonic circulation observed below the thermocline \[[@pone.0133406.ref074]\].

The lowest values for microzooplankton δ^13^C were observed in the E-GOM region. The δ^13^C signatures of consumers are determined by the δ^13^C values of primary producers. Elevated δ^13^C values might reflect a carbon source derived from benthic primary producers in addition to phytoplankton \[[@pone.0133406.ref075]\], thus a carbon with more coastal or inshore origin source \[[@pone.0133406.ref076]\], \[[@pone.0133406.ref077]\], \[[@pone.0133406.ref039]\].

BFT larval morphometrics {#sec013}
------------------------

BFT rearing experiment showed that maternal stable isotope signatures are transmitted to the eggs, and progressively to the early larvae of BFT \[[@pone.0133406.ref052]\]. This maternal signature was discernible until larvae attained postflexion stages. Therefore, this study only considered postflexion stages of BFT larvae, when these are fully capable of preying on a wide range of planktonic organisms, and hence avoiding the effect of maternally transmitted stable isotope signatures.

BFT larvae from the GOM showed significantly lower DW in relation to SL than the MED. This implies region-specific differences in larval growth or condition patterns. Surface temperatures in the GOM were higher than in the MED, suggesting that in the presence of sufficient food BFT larvae in the GOM may grow faster \[[@pone.0133406.ref059]\].

Moreover, since the total amount of C and N are a consequence of protein synthesis and lipid/fatty acids, C:N ratios can be used to assess the nutritional status \[[@pone.0133406.ref078]\], \[[@pone.0133406.ref079]\], \[[@pone.0133406.ref080]\], \[[@pone.0133406.ref081]\]and as a proxy for lipid content \[[@pone.0133406.ref082]\], \[[@pone.0133406.ref083]\], \[[@pone.0133406.ref084]\]. The significantly higher C:N ratios of the GOM BFT larvae with respect to the MED larvae seem to indicate differentiated larval growth strategies which may represent the species' adaptation to the environmental conditions of each spawning area.

BFT larval trophodynamics {#sec014}
-------------------------

In this comparative study, MED BFT larvae had significantly greater δ^15^N values in comparison to the GOM larvae. Within the GOM, E-GOM larvae had higher δ^15^N values than the W-GOM.This was likely due to differences in the characteristics of water masses among regions, as was shown by a smaller scale SIA study of larval bullet tuna in the Balearic Sea \[[@pone.0133406.ref039]\].

BFT larvae from the GOM also did not show nitrogen enrichment compared to the micro and mesozooplankton. Rather, δ^15^N signatures for larval BFT from the GOM showed similar trophic level to the zooplankton. This result does not seem to reflect the traditional grazing food chain of phytoplankton-\> micro- and mesozooplankton-\> fish larvae. However, the average isotopic signatures for δ^15^N of the E-GOM BFT larvae fall within the range of some of the larval and juvenile apex predator species analyzedby \[[@pone.0133406.ref063]\], such as swordfish, *Xiphias gladius* and the dolphin fishes, *Coryphaena hippurus and C*. *equiselis*, suggesting that this pattern may be characteristic of the GOM region.

The low nitrogen signature of larvae in the GOM could be reflecting the particular prey items and nutrient sources on which larvae are feeding, and where those prey items are in the food chain. It is possible that alternative grazing pathways may be occurring, as a result of the assimilation of N~2~ fixation by the cyanobacterium *Trichodesmium* sp. in the GOM food web. \[[@pone.0133406.ref064]\] Hypothesized that organisms collected from areas where *Trichodesmium* is abundant will retain significantly depleted δ^15^N values compared to those in areas where concentrations of this cyanobacterium are low, as a result of diazotrophic inputs by *Trichodesmium*.

In this study, isotope signatures were determined for the whole micro- and mesozooplankton populations. However, δ^15^ N signatures of individual zooplankton taxa can range widely. Selective feeding by larvae could therefore result in different δ^15^ N signatures than if larvae were feeding indiscriminately. \[[@pone.0133406.ref034]\] found that prior to piscivory, *Thunnus* spp. larvae collected in the Straits of Florida had a mixed diet of crustaceans and appendicularians. Consumption of appendicularians by *Thunnus* spp. increased with larval length to a maximum when nearly 80% of the larvae 7--11 mm body length had appendicularians in their guts, suggesting a preferential behavior for consuming this gelatinous zooplankton despite the availability of several types of prey. *Thunnus* spp. may rely on appendicularians as a nutritional "place holder" in an oligotrophic habitat as they try to manage energy demands of fast growth and warm temperatures \[[@pone.0133406.ref034]\]. Appendicularians are rather ubiquitous in warm oligotrophic regions, and often numerically dominate mesozooplankton assemblages \[[@pone.0133406.ref085]\]. They filter and ingest small particles using a mucous, external filtering device with small pores, which favors feeding on nanoand picoplankton \[[@pone.0133406.ref086]\]. Since appendicularians in the W Mediterranean are consumed by BFT larvae \[[@pone.0133406.ref032]\], and the δ15 N levels of this zooplankters are relatively high in this region with respect to other zooplankton groups (cladocera, copepods or microplankton) \[[@pone.0133406.ref065]\], the higher δ^15^ N signature in larval BFT in the MED may therefore result from a diet rich in appendicularians.

Lastly, another explanation for the lower GOM nitrogen isotopic values could be the decrease of δ^15^N with temperature. \[[@pone.0133406.ref087]\] found in cladocerans (*Daphnia magna*) and amphipods (*Hyalella* spp.) consuming identical diets that their body-averaged δ^15^N values declined dramatically with increasing temperatures. The potential causes for the decline included decreasing nitrogen excretion with increasing growth and reduced nitrogen assimilation efficiencies with increased metabolism. A nitrogen trophic fractionation decrease with increased temperature in *Dicentrarchus labrax*has been reported \[[@pone.0133406.ref088]\], explaining that temperature accelerates most physiological processes \[[@pone.0133406.ref089]\]and thus higher growth rates are achieved. Higher growth rates lead to reduced excretion and, therefore, increased retention of the lighter isotope is expected. This would result in an inverse relationship between δ^15^N and growth rate.

Ontogenic feeding shifts {#sec015}
------------------------

Protistan consumers were not enriched in δ^15^N relative to their prey \[[@pone.0133406.ref090]\], demonstrating an isotopic invisibility of protozoan trophic steps in marine food webs. This fact can help to explain the δ^15^N ontogenic dynamics observed in this study, with no relationship between BFT larvae δ^15^N values with SL in the three ecosystems studied (E-GOM, W-GOM and MED). While direct observation on stomach content analysis revealed piscivory of most scombrid larvae studied (\[[@pone.0133406.ref034]\], \[[@pone.0133406.ref031]\], the expected increase in δ^15^N assumed by piscivory is not shown by our results, probably because of the absence of isotopic enrichment in the microbial food web whose role is important in BFT larval trophodynamics. The observations of this study are consistent with previously reported results for BFT larvae \[[@pone.0133406.ref032]\], \[[@pone.0133406.ref091]\], \[[@pone.0133406.ref092]\], although contrary to hypotheses that BFT larvae overcome the constraints of developing in particularly unproductive waters by relying on cannibalism \[[@pone.0133406.ref029]\], \[[@pone.0133406.ref093]\].

The δ^13^C signatures of BFT larvae were distributed over a rather narrow range of values. Differences were mainly observed in the smaller larvae from the MED region, which showed significantly lower δ^13^C values. While MED larvae showed an increasing trend with size of δ^13^C signatures, the GOM larvae showed a decrease with size, suggesting changes in the carbon sources from neritic to oceanic and vice-versa\[[@pone.0133406.ref037]\], \[[@pone.0133406.ref062]\].

Comparative trophic position {#sec016}
----------------------------

Characterizing the δ^15^N values at the base of marine food webs is troublesome because primary producers have short life spans that respond quickly to fluctuations in biogeochemical and physical forces, and concurrently can be difficult to isolate from other organic suspended particulate material. An alternative approach is to use a primary consumer (e.g. zooplankton) as the isotopic reference, i.e. a proxy for the base of the food web, representing the trophic position 2 or slightly higher (e.g. \[[@pone.0133406.ref042]\]). Primary consumers integrate the phytoplankton isotopic signal over a longer term, reducing the uncertainty in trophic position estimation of consumers located higher in the food web \[[@pone.0133406.ref094]\], \[[@pone.0133406.ref095]\], \[[@pone.0133406.ref042]\]. The use of the microzooplankton baseline for estimating the TP of each BFT larval group seemed reasonable for these regions comparisons because this zooplankton size fraction comprises most of the organisms described in larval tuna diets, such as nauplius stages, copepodites, cladocerans and appendicularians \[[@pone.0133406.ref096]\], \[[@pone.0133406.ref032]\], \[[@pone.0133406.ref033]\], \[[@pone.0133406.ref034]\]. The highest trophic enrichment and therefore TP among the three regions corresponded to the MED BFT, implying a greater trophic specialization and a greater trophic niche of these larvae (\[[@pone.0133406.ref097]\], \[[@pone.0133406.ref098]\] that can result in a major nitrogen efficiency through the food webs \[[@pone.0133406.ref099]\]. This hypothesis is in accordance with the observation that more productive ecosystems show lower relative trophic levels \[[@pone.0133406.ref100]\], \[[@pone.0133406.ref101]\]. Note that the primary consumers base line (microzooplankton) are identical for the MED and E-GOM and significantly higher than the W-GOM ([Fig 8](#pone.0133406.g008){ref-type="fig"}).

Conclusions {#sec017}
===========

This comparative trophic study is based on the N and C stable isotopes of BFT larvae from the main GOM and MED BFT spawning grounds. The environmental scenarios in which these larvae develop showed significant differences in temperature, and in nutrient inputs. The GOM spawning area was warmer (around 3--4°C) in comparison to the MED waters. Such temperature differences can have important consequences for the metabolic rates of BFT larvae, and consequently on the larval growth patterns. Although both regions are typically oligotrophic, the GOM waters, in general, were more productive, particularly in terms of mesozooplankton biomass.

With regards to the stable isotope signatures, the main difference observed was the low δ^15^N of the micro- and mesozooplankton in the W-GOM, which resulted inlowδ^15^N values of BFT larvae in this region. This low trophic positioning of the GOM BFT larvae suggests that they are not part of the traditional food chain from micro- and mesozooplankton to larvae. Unlike the GOM, the MED BFT larvae showed the highest δ^15^N and TP values, well above the underlying microzooplankton baseline. The depleted δ^15^N microzooplankton and larval signatures of the W-GOM may be explained by the rather abundant protists responsible for the fixation of atmospheric nitrogen, bringing new N in the lower levels of the food web and thereby, decreasing the amount of δ^15^N. BFT larvae from the GOM and MED showed opposed ontogenetic diet shifts with growth, with a significant linear increase inδ^13^C in MED larvae with SL, and a linear decrease in GOM larvae.

These results suggest that the food webs and consequent larval ecology among the two spawning sites is distinct. This has implications for the effects of environmental variability and change on larval survival and recruitment among the two stocks, and on the contribution of each stock to overall population recruitment. Continuing research is crucial for understanding larval growth strategies and condition between the two spawning sites, their competition for feeding resources and their exposure to larvae of co-occurring apex predator species, all of which could influence larval survival and recruitment.
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